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ABSTRACT Management of foot salvage therapy (FST) for diabetic foot infections
(DFI) is challenging due to the absence of reliable diagnostics to identify the etio-
logic agent and prognostics to justify aggressive treatments. As Staphylococcus au-
reus is the most common pathogen associated with DFI, we aimed to develop a
multiplex immunoassay of IgG in serum and medium enriched for newly synthesized
anti-S. aureus antibodies (MENSA) generated from cultured peripheral blood mono-
nuclear cells of DFI patients undergoing FST. Wound samples were collected from 26
DFI patients to identify the infecting bacterial species via 16S rRNA sequencing.
Blood was obtained over 12 weeks of FST to assess anti-S. aureus IgG levels in sera
and MENSA. The results showed that 17 out of 26 infections were polymicrobial and
12 were positive for S. aureus. While antibody titers in serum and MENSA displayed
similar diagnostic potentials to detect S. aureus infection, MENSA showed a 2-fold-
greater signal-to-background ratio. Multivariate analyses revealed increases in predic-
tive power of diagnosing S. aureus infections (area under the receiver operating
characteristic curve [AUC] � 0.85) only when combining titers against different
classes of antigens, suggesting cross-functional antigenic diversity. Anti-S. aureus IgG
levels in MENSA decreased with successful FST and rose with reinfection. In contrast,
IgG levels in serum remained unchanged throughout the 12-week FST. Collectively,
these results demonstrate the applicability of serum and MENSA for diagnosis of S.
aureus DFI with increased power by combining functionally distinct titers. We also
found that tracking MENSA has prognostic potential to guide clinical decisions dur-
ing FST.
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The growing prevalence of type II diabetes mellitus (DM) in the U.S. and world
populations has led to the steadily increasing frequency of its associated sequelae,

including diabetic foot infections (DFI) (1, 2). Recent assessments estimate that as many
as 26% of Americans over the age of 65 years have type II DM (3, 4). The cost associated
with management of DM and its associated ailments is a significant burden on the U.S.
health care system (5, 6). In the DM patient population, the risk of developing a foot
ulcer is 15%, with two-thirds of lower extremity amputations associated with DFI (1, 7,
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8). Moreover, the 5-year mortality rate of DFI has been reported to be 50%, equal to that
of the most life-threatening cancers (9).

Until recently, the primary intervention for DFI was the surgical amputation of the
infected part of the foot or lower leg (10, 11). However, recognizing the associated loss
of function and an increase in long-term risk, limb salvage treatment has become more
prevalent. The limb salvage effort consists of initial surgical debridement of the infected
or nonviable part of the foot and obtaining tissue samples for microbial culture to
guide a subsequent long-term antibiotic treatment. Typically, a 6-week course of
intravenous (i.v.) antibiotics treatment is recommended in the presence of bone
infection (12, 13). Staphylococcus aureus is the most commonly found pathogen, with
a prevalence rate of approximately 50% in patients hospitalized for DFI (14, 15).

The conventional diagnostic method, standard microbiological culture, is vulnerable
to sampling error (false positive or false negative), especially in DFI that present with
polymicrobial infections. Moreover, differentiating a commensal or bystander pathogen
from opportunistic pathogens is challenging. Given the high rate of recurrence that
leads to eventual amputation, it is critical for the clinician to monitor treatment
response. Continuing an ineffective limb salvage therapy may allow further spread of
the infection that requires a more distal amputation from the foot. Therefore, accurate
detection of treatment failure is important for a timely surgical intervention to minimize
limb loss and optimize physical function. In addition to evaluating the gross changes of
the infected wound (size, depth, and wound bed appearance), most clinicians rely on
nonspecific inflammatory markers, such as the C-reactive protein (CRP) and erythrocyte
sedimentation rate (ESR), for monitoring the treatment response and detecting a
recurrent infection. However, these methods are not specific for the pathogen or for the
site of infection and are not always definitive measures of treatment success.

To address these central limitations of diagnosis of the etiologic agent in DFI and
prognosis of the success of foot salvage therapy (FST), we aimed to develop a
blood-based immunoassay that will (i) identify the major infectious pathogen, (ii)
effectively monitor treatment response, and (iii) detect recurrence to guide timely
intervention. Since our analytic approach is species specific and S. aureus is the most
common infecting bacterium in DFI, we focused on the presence of antibodies against
known S. aureus antigens as our initial target. Our approach is based on two funda-
mental innovations. The first innovation is the measurement of antibodies secreted by
recently stimulated, circulating plasmablasts, referred to here as antibody-secreting
cells (ASCs) (16–18). The second innovation is a multiplex immunoassay that measures
antibodies specific for signature proteins secreted by or expressed on the surface of S.
aureus (19). We hypothesized that the host response to a combination of antigens will
be more powerful in diagnosing S. aureus infections than the response to any single
antigen.

The introduction of ASCs as a tool for diagnosis and prognosis has been explored in
multiple settings but as yet has not been applied in a general medical practice (16–18).
From a lymph node draining an infection site, newly stimulated ASCs begin to produce
antibody and circulate to other immune organs, such as the spleen and bone marrow
(16). Peripheral blood mononuclear cells (PBMCs), which include newly activated ASCs,
are harvested from anticoagulated blood, washed extensively in antibody-free medium
to remove preexisting serum immunoglobulins, and then cultured in vitro in culture
medium free of human immunoglobulins to enable constituent ASCs to express
antibodies elicited by the ongoing infection. A sample of the resulting medium
enriched for newly synthesized antibodies is a potentially important window on the
ongoing immune response. In contrast to serum antibodies that remain elevated for
months following infection, ASCs emerge into the blood as the ongoing infection
develops and decline rapidly as the infections wanes under the attack of the host’s
immune responses. This attribute makes ASCs potential markers for the initial infection,
successful (or failed) therapy, and recurrence. To test this, we performed a proof-of-
concept pilot clinical study with 26 DFI patients undergoing FST to demonstrate the
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feasibility of assessing medium enriched for newly synthesized anti-S. aureus antibodies
(MENSA) as a diagnostic for DFI and a prognostic to monitor FST.

RESULTS
Patient demographics and clinical outcome. Twenty-six patients presenting with

DFI and eligible for FST were enrolled (Table 1). There were 21 males and 5 females,
with an average age of 58 (range, 46.3 to 69.7) years and an average body mass index
(BMI) of 32.5 � 6.3. All patients underwent surgical debridement followed by collection
of soft tissue and bone samples for identification of the infecting pathogen. In parallel,
wound samples were collected for determination of the most abundant species by 16S
rRNA amplicon sequencing. Identification of S. aureus by PCR amplification and se-
quencing of the gene for staphylococcal protein A (spa) and/or conventional culture is
shown in Table S1 in the supplemental material. Samples of whole blood were
collected at the time of enrollment (t � 0) for analysis of serum and MENSA as
described below. Follow-up samples were collected at 4th, 8th (2 weeks post-FST), and
12th (6 weeks post-FST) weeks.

Among the 26 patients, 3 passed away prior to the end of the 3-month period of
examination due to unrelated medical conditions, such as congestive heart failure, and
1 opted for amputation before the end of FST. Overall, 14 had infections in which S.
aureus was not detectable by culture or spa sequencing. Twelve patients with diabetic
foot ulcers (DFUs) were infected with S. aureus; of these, 10 patients provided at least
two samples during the 3-month follow-up period.

Among the 14 DFI patients with no evident colonizing S. aureus, the wounds on 8
healed, while the infection in 6 resisted treatment. FST results were similar among the
12 patients in the S. aureus-infected cohort: 7 patients healed, while 5 did not. Overall,
FST spared more 50% of enrolled subjects from amputation.

Diagnostic potential of anti-S. aureus IgG in serum and MENSA. In our initial
evaluation of serum and MENSA anti-S. aureus IgG as a diagnostic for DFI, we assessd
concordance with the patients’ clinical PCR results. Consistent with prior reports (19),
we found that PCR� DFI patients had appreciable levels of anti-S. aureus antibodies in
their sera (Fig. 1A). The immunodominant antigens in this population were the iron-
scavenging proteins IsdB and IsdA, along with the autolysin subunits (Amd and Gmd)
and the secreted �-toxin (Hla). The same anti-S. aureus antibodies predominated
among the PCR� patients but generally at higher levels (Fig. 1A).

In sharp contrast to serum IgG levels, MENSA in S. aureus PCR-negative DFI patients
were very low (near the limit of detection) for almost all of the antigens (Fig. 1B),
suggesting that this approach can overcome the major false-negativity problems
associated with serum IgG diagnostics. Additionally, MENSA detected high levels of
antibodies against the most immunodominant antigens in the S. aureus PCR� DFI
patients (Fig. 1B). By rank ordering the antibody levels, we found that the repertoire of
immunodominant antigens in MENSA was similar to that in serum (e.g., IsdA, IsdB, Amd,
and Gmd), as well as the increased abundance of antibodies specific for some of the
secreted virulence factors, such as staphylococcal inhibitory protein (SCIN) (Fig. 1). To
further assess the diagnostic potential of serum and MENSA anti-S. aureus IgG, we

TABLE 1 DFI patient clinical data

Characteristic

Value for:

P valuePatients with S. aureus infections Patients with non-S. aureus infections

% female 25 14 0.6348
Age (yrs) 65 � 6.6 52 � 11.6 0.0046
BMI (kg/m2) 31.6 � 5.0 33.3 � 7.3 0.6218
WBC (�103/�l) 11,975 � 6,935.3 10,928.6 � 3,580.8 0.9296
CRP (mg/dl) 127.7 � 124.6 94.9 � 80.9 0.6787
ESR 77.5 � 60.7 52.2 � 34.9 0.2384
Diabetes status (A1c level) 9.5 � 3.1 8.7 � 2.8 0.6162
Wound healing status (% healed) 58.3 50.0 0.7127
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determined the ratio of median antibody titers between S. aureus PCR� and PCR� DFI
patients (Fig. 2). Overall, measurement of anti-S. aureus antibodies in both serum and
MENSA reliably identified patients with S. aureus DFI. However, on average MENSA
exhibited a 2-fold-greater signal-to-background ratio.

To formally assess the diagnostic potential of our serum and MENSA immunoassays,
we performed receiver operator characteristic (ROC) curve analyses for each antigen
(Fig. 3). For serum, IgG antibody titers against Gmd, SCIN, and FnBPA were significantly
predictive of S. aureus infection (Fig. 3C). Although the results with MENSA were similar
to those with serum, IsdH demonstrated remarkable diagnostic potential, as it was the
only single antigen with an area under the ROC curve (AUC) of �0.8 tested in either
immunoassay (Fig. 3D). MENSA IgGs against IsdA and SCIN were also significantly
concordant with PCR detection of S. aureus infection in DFI patients.

Combinatorial analysis of antibody response to antigens across functional
classes increases diagnostic power for ongoing S. aureus infections. In order to
improve diagnostic strength of our immunoassays, we performed multivariate analyses
on serum and MENSA IgG titers using combinations of antigens chosen either within or
across four distinct functional classes (iron acquisition, cell wall metabolism, secreted
toxins, and adhesins). The AUCs of the sums of various combinations of antigens are
presented in Fig. 4. Interestingly, combining antibody responses against antigens with
similar functions failed to increase the diagnostic potential of either the serum or

FIG 1 Rank order of immunodominance of the 10 antigens in serum and medium enriched for newly
synthesized antibodies (MENSA) from patients with S. aureus DFI. (A) The median fluorescent intensity
(MFI) � SEM for each of the 10 antigens was determined via multiplex Luminex immunoassay from
serum (diluted 1:10,000) from patients whose diabetic foot ulcers (DFUs) were spa PCR negative (�) or
positive (�) for S. aureus prior to foot salvage therapy. (B) Similarly, anti-S. aureus IgG responses were
determined from MENSA as described in Materials and Methods. Note that serum antibody and MENSA
titers against the iron-sensing determinant (Isd) and autolysin (Amd and Gmd) proteins are greater than
those against the immune evasion proteins (Hla, SCIN, and CHIPS) and the adhesins (FnBPA and ClfB).
Aggregate lower limit of detection of the assay (calculated by the formula LLOD � assay buffer
MFI � 2 � SEM of assay buffer MFI) is depicted by a dashed line. *, P � 0.05; **, P � 0.01.
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MENSA immunoassay (Fig. 4A and C). In contrast, combination of antibody responses
from functionally distinct antigen groups led to significant increases in AUC (Fig. 4B and
D). Moreover, only antigen combinations across two or more functional classes yielded
AUCs of �0.85. The greatest combination in serum was IsdB-FnBPA-ClfB-SCIN (AUC �

0.93; P � 0.001), and the greatest combination in MENSA was Amd-Gmd-IsdA-SCIN
(AUC � 0.896; P � 0.001). These intriguing results provide the first evidence of
cross-functional antigenic biases and suggest that ability to diagnose an ongoing S.
aureus infection may be improved by increasing antigenic diversity.

FIG 2 Antigen-specific differential diagnostic potential of serum IgG versus MENSA to detect ongoing S.
aureus infections in DFU patients. The MFI for each of the 10 antigens studied in this clinical pilot was
determined via multiplex Luminex immunoassay from serum (diluted 1:10,000) and MENSA from patients
whose DFUs were spa PCR negative (SA�) or positive (SA�) for S. aureus prior to foot salvage therapy. The
data are presented as the ratio of median titers in patients with SA� DFUs normalized to the median
titers in patients with SA� DFUs. The median background antibody titer level of the SA� group is
represented as a dotted line.

FIG 3 Diagnostic potential of anti-S. aureus IgG titers in serum and MENSA for detection of ongoing S.
aureus infections in DFU patients. The multiplex Luminex data described for Fig. 1 were utilized to
generate receiver operating characteristic (ROC) curves for all 10 antigens in serum and MENSA. The
primary MENSA data (A) used to generate the area under the curve (AUC) (B) for anti-IsdH IgG are shown
to illustrate the single antigen with the greatest diagnostic potential identified in this clinical pilot study.
The ROC curves for all 10 antigens are represented in rank order of lowest to highest AUC values in serum
(C) and MENSA (D). *, P � 0.05; **, P � 0.01.
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Anti-S. aureus IgG responses in MENSA are superior to serum for tracking
treatment response in FST. We also assessed the prognostic potential of our serum
and MENSA immunoassays for their ability to track the success or failure of FST. The
results showed that serum antibody levels remained unchanged throughout the
3-month course of treatment regardless of clinical outcome (Fig. 5A to C). In contrast,
MENSA levels change over time, and their levels correlated with the patient DFI status.
As examples, MENSA from patient DFU009, who was PCR� for S. aureus, made essen-
tially no IgG at any time throughout the study period (Fig. 5D). MENSA from patient
DFU008, whose S. aureus infection healed, contained high levels of antibodies at day 30
that steadily declined throughout the course of FST (Fig. 5E). Finally, patient DFU006,
who suffered a recurrent S. aureus infection and eventual amputation, demonstrated
resurgent high antibody levels in the MENSA (Fig. 5F).

For DFI patients who healed during FST, the difference between an initial high
abundance of a specific anti-S. aureus antibody and its stable decline may serve as a
prognostic measure of recovery. In this pilot study cohort, there were 10 patients who
had S. aureus infections and yielded enough follow-up samples to track the impact of
FST. Six patients achieved complete healing, whereas four suffered either a recurrence
or persistent infection. A longitudinal monitoring of anti-Amd IgG levels in healed and
nonhealed S. aureus-infected DFI patients compared to PCR� S. aureus DFI patients is
illustrated in Fig. 6A. Remarkably, the change in anti-Amd levels in MENSA over time

FIG 4 Evidence of diversified humoral immunity in DFU patients with S. aureus infections. The AUC values
described for Fig. 2 were used to identify combinations of IgG titers in serum (A and B) and MENSA (C
and D) with greater diagnostic potential than AUCs of the single antigens. The graphs illustrate results
from combinations of antigens with similar (A and C) and different (B and D) functions, and the
significance of the AUC value for each antigen or antigen combinations is indicated (*, P � 0.05; **,
P � 0.01; ***, P � 0.001). Note that AUC values greater than 0.85 were obtained only by combining
functionally distinct antigens.

Oh et al. Infection and Immunity

December 2018 Volume 86 Issue 12 e00629-18 iai.asm.org 6

https://iai.asm.org


significantly reflected the healing status, with an AUC of 0.875 (P � 0.006) (Fig. 6B).
Anti-IsdH levels were also significantly predictive of healing, and several other antigen
responses demonstrated prognostic trends (Fig. 6C). However, similar monitoring in
serum failed to predict a healing response (AUC 	 0.5).

DISCUSSION

The work presented here demonstrates the potential for two novel analytic ap-
proaches: (i) MENSA for tracking rapid changes in the immune response not observable
in serum and (ii) multiplex immunoassays to identify infecting pathogens in polymi-
crobial open-wound infections in DFI patients.

Antibodies as diagnostic markers of infection. Twelve of the 26 patients with DFI
were positive for S. aureus by either conventional culture or PCR. Each was positive also
by the levels of antibodies measured in the serum and specific for characteristic S.
aureus antigens, notably the iron acquisition proteins IsdH, IsdA, and IsdB and the
autolysin proteins Amd and Gmd. We previously demonstrated that antibody responses
against IsdA, IsdB, and IsdH could be predictors of infection outcomes in patients with
S. aureus-induced prosthetic joint infections (PJI). In S. aureus-induced PJI, higher
anti-IsdA and anti-IsdB antibody levels in patients were associated with morbid out-
comes (19). In contrast, anti-Gmd IgG in serum was protective against S. aureus
infections in patients undergoing orthopedic surgeries (20, 21). Other antigens may also
be important. For example, some antibodies specific for certain secretory antigens have
been suggested to be earlier signs of infections than antibodies against the cell wall
proteins noted here (22, 23).
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FIG 5 Anti-S. aureus IgG responses in MENSA are superior to serum for tracking foot salvage therapy (FST). To assess the change in anti-S. aureus antibodies
over the course of FST, blood sample collection was performed at the time of enrollment (t � 0 weeks) and at 4, 8 and 12 weeks post-FST. Serum (A to C) and
MENSA (D to F) IgG levels against the 10 S. aureus antigens were determined longitudinally for all patients in the study (MFI � SEM). Anti-IsdB titers in serum
and MENSA remained elevated throughout FST for most patients (data not shown). To illustrate the prognostic potential of serum IgG and MENSA to track FST,
longitudinal Luminex multiplex data are presented for a representative patient whose DFU was PCR negative for S. aureus (patient DFU009 [A and D]), a patient
with S. aureus-infected DFU that responded to FST (patient DFU008 [B and E]), and a patient with S. aureus-infected DFU for whom FST failed (patient DFU006
[C and F]). Note the absence of remarkable changes in longitudinal serum levels for all three patients. In contrast, MENSA levels faithfully reflected the S. aureus
infection in these DFU patients over time.
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Diagnosis of DFI. Diagnosis of the infecting pathogen in DFI remains a challenge
due to the polymicrobial setting of the infection (11, 14, 24). The strength of the
blood-borne diagnostic approach is in detection of pathogens that actually cause
infection and activate the immune response. Other groups have used oligonucleotide-
based microarrays to identify S. aureus infections in DFU patients, but DNA-based
methods cannot reliably distinguish colonization from infection (25, 26). We found that
both serum and MENSA-based assessments of S. aureus in a DFI have diagnostic
potential. However, our analytical immunoassay using MENSA is superior, as it has
higher signal-to-background ratio, making it attractive for clinical diagnostics. More-
over, serum-based testing is likely to suffer from varied background levels resulting
from previous infections.

Tracking therapy and measuring recurrence. The greater utility of this proposed
analytic strategy lies in its ability to accurately monitor treatment response and to
detect persistent or recurrent infection. In patient DFU006, for example, the infected
wound healed, at least superficially, but following FST, the persistence or recurrence of
S. aureus resulted in an infection that required amputation of the patient’s limb. While
no changes in infection were evident in anti-S. aureus antibody levels in the serum, this
patient’s MENSA response declined at week 8 and dramatically resurged at week 12. In
contrast, among the patients who steadily recovered from infection, the antibody
response in MENSA became and remained low (e.g., patient DFU008 [Fig. 4B and E]).

FIG 6 Correlation of anti-S. aureus IgG responses in serum and MENSA with healing status during FST.
To assess the dynamics of serum and MENSA IgG levels against the 10 antigens over the course of FST,
longitudinal Luminex multiplex data for serum and MENSA for all 26 patients in the clinical pilot study
were obtained as described for Fig. 5. The prognostic potential of each antigen was assessed by
evaluating the anti-IgG levels over the course of FST stratified to three groups: PCR� for S. aureus DFU
(negative), S. aureus� DFU responsive to FST (healed), and S. aureus� DFU nonresponsive to FST (not
healed). (A) Graph of anti-Amd antibody levels (MFI � SEM) over time in serum and MENSA for
representative patients—negative (DFU009), healed (DFU008), and not healed (DFU006)—is shown to
illustrate the primary results, which were subsequently used to generate ROC curves. Within-patient
average change in individual antibody levels for each antigen over time from baseline was calculated and
correlated to healing or nonhealing groups among patients with S. aureus� DFU. (B) The ROC curve for
anti-Amd IgG in MENSA is shown as an example of an individual antigen (AUC) analysis. (C) Comparison
of the ROC curve analyses for all 10 antibodies in serum and MENSA. *, P � 0.05; **, P � 0.01.
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Limitations. The current study is preliminary in several ways. First, the study was
limited by a small sample size, with only half of the patients presenting with S. aureus
infections. An increased number of patients will be required to achieve greater statis-
tical power for both the diagnostic and the therapeutic-monitoring applications of this
novel analytic approach. Second, a practical diagnostic test will require fewer than the
10 antigens we used in our study. A primary future goal is to identify combinations of
the fewest antigens that provide the greatest combined analytic power.

The timing of the ASC response is definitely early in the infection, but it is uncertain
where the patient’s immune response will be at the time of clinical presentation.
Therefore, MENSA-based clinical testing may require a better understanding of the
timing of an ongoing infection. Most importantly, true clinical utility for the proposed
analytical approach will require the ability to detect and quantitate all bacteria in these
polymicrobial infections, including S. aureus, Staphylococcus epidermidis, Streptococcus
agalactiae, and Enterococcus species. This additional specificity will enable the clinician
to selectively target the infecting pathogen in a timely manner, thus improving
prognosis.

MATERIALS AND METHODS
Ethics statement. The current study was approved by the University of Rochester Medical Center’s

Research Subjects Review Board (RSRB; number 00057719). The principal investigator (PI) identified
candidate patients. Enrollment, consent procurement, and sampling were performed by PI or clinical
coordinators. All personnel involved in the sample collection were institutional review board (IRB)-
approved with current Collaborative Institutional Training Initiative (CITI) certification.

Patient enrollment. From July 2015 through the November 2016, we enrolled 26 patients with
infected diabetic foot ulcers who displayed clinical symptoms and signs of infection (27) that necessi-
tated hospitalization and undertook FST consisting of surgical irrigation and debridement, followed by
a 6-week course of i.v. antibiotic treatment. Patients with both type I and type II DM were included.
Patients presenting with a need for immediate major amputation, severe ischemia, venous stasis ulcers,
pregnancy, or immune deficiencies and patients who were minors were excluded. DFUs were graded
based upon Wagner’s classification (28).

All wounds were managed with daily wet-to-dry dressing change until complete healing occurred or
amputation was performed. Demographic information, including age, sex, comorbidities, and antibiotics,
is summarized in Table 1. The endpoint of the study for each subject was 12 weeks after initiation of FST
or the time of definitive amputation as a consequence of treatment failure, whichever occurred first.

Clinical measures to define healing versus nonhealing groups. For each subject, wound size was
measured and depth was classified according to Wagner’s classification (29). A healing wound is defined
as a wound that has completely healed or shows decreased size and depth and an absence of 12 signs
and symptoms of infection. A nonhealing wound is defined as a wound that is unimproved or shows
increased size and depth with 12 persistent signs and symptoms of infection (29).

Diabetic foot ulcer tissue collection and extraction of DNA. At 0, 4, 8, and 12 weeks after
enrollment, wound samples from the patients’ infected DFUs were obtained for both standard culture
and 16S rRNA sequencing analysis. Tissue specimens were obtained at two different sites for each
patient: one at the superficial layer of the wound and the other at the deep tissue level. These specimens
were collected aseptically during debridement or as infected tissue during irrigation and debridement
surgery. Samples were frozen at �80°C and transferred to the lab. The specimen was then thawed on ice
and transferred to FastPrep tubes (MP Biomedicals) that contain 1.4-mm and 0.1-mm spherical silica
beads, 750 �l of lysis buffer (Zymo Research), and proteinase K (Sigma). Samples were mechanically lysed
with a FastPrep-24 instrument (MP Biomedicals). DNA from the lysate was purified using the ZR
Fungal/Bacterial DNA MiniPrep kit (Zymo Research).

Microbiological analysis to identify bacterial species. The abundance of bacteria was determined
with quantitative real-time PCR (qPCR) using bacterial 16S primers, probe, and cloned plasmid standards.
The region of bacterial 16S rRNA from V1 to V3 was amplified from extracted sample DNA using
dual-indexed coded primers and Phusion high-fidelity polymerase (Thermo Fisher). All PCR amplicons
were purified and normalized using SequalPrep normalization plates (Life Technologies), pooled, and
validated on an Agilent bioanalyzer (2200 TapeStation, D1000 tape or HSD1000 tape). The final library
was paired-end sequenced (2 � 300 bp) on an Illumina MiSeq. In each amplification and sequencing run,
a blank sample was carried through the extraction, amplification, and sequencing steps as a negative
control. Samples with bacterial genomic DNA from multiple genera were included as positive controls.
In order to further confirm if the infection was S. aureus positive, bacterial cultures were further
genotyped for the staphylococcal virulence gene spa, using primers and PCR conditions as previously
described (30, 31); DFI patients were grouped as PCR� or PCR� for S. aureus based on this test.

Whole-blood processing. Two tubes (one green-topped sodium heparin tube and one red-topped
serum tube) of whole blood were drawn from the study subjects at each time point. The green-topped
tube was used immediately for isolating peripheral blood mononuclear cells (PBMCs) using the Ficoll-
Paque lymphocyte preparation method. Four to 10 ml of anti-coagulated whole blood from the green-
topped tube was diluted with 2 volumes of phosphate-buffered saline (PBS), then layered over 15 to
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20 ml of Ficoll-Paque lymphocyte separation medium in a 50-ml conical tube, and centrifuged for 30 min
at 1,200 � g at room temperature (RT). The resulting PBMC layer was harvested, treated with ammonium
chloride-potassium lysing buffer (Gibco) to remove contaminating red blood cells, and then washed
extensively in sterile PBS to remove serum immunoglobulins. Total washes reduced the contamination
of soluble serum immunoglobulin by at least 10 orders of magnitude. Harvested PBMCs were cultured
at 106/ml in RPMI 1640 supplemented with antibiotics, glutamine, and 20% fetal bovine serum at 37°C
in 5% CO2 for 72 h. PBMCs were removed by centrifugation, and the resulting MENSA (medium enriched
for newly synthesized anti-S. aureus antibodies) was harvested and frozen at �80°C in aliquots for
subsequent analysis (17, 18). Blood collected in the red-topped tube was allowed to clot, and serum was
then collected following centrifugation and stored in aliquots for later analysis. As part of standard
clinical care, serum samples collected at each patient visit were tested for erythrocyte sedimentation rate
(ESR), C-reactive protein (CRP), white blood count (WBC), HgA1c, and nonfasting glucose level (Table 1).
For each consenting patient, whole-blood samples were obtained at baseline (t � 0 weeks) and at 4, 8,
and 12 weeks.

Multiplex Luminex immunoassay. Anti-S. aureus antibody levels in the DFI patients were deter-
mined using a custom multiplex Luminex immunoassay developed by our group (19). Briefly, avidin-
coated magnetic LumAvidin microspheres with unique spectral signatures were coupled to individual
recombinant S. aureus antigens as described previously (19). S. aureus antigens, from distinct functional
classes, were chosen and used for the immunoassay. These include (i) iron acquisition proteins, e.g.,
iron-regulated surface determinant proteins (IsdA, IsdB, and IsdH), (ii) cell division proteins, e.g., gluco-
saminidase (Gmd) and amidase (Amd), (iii) immune evasion proteins and secreted toxins, e.g.,
�-hemolysin (Hla), chemotaxis inhibitory protein of Staphylococcus (CHIPS), and staphylococcal inhibitory
protein (SCIN), and (iv) cell attachment proteins, e.g., clumping factor B (ClfB) and fibrinogen binding
protein A (FnBPA). The design, production, and characterization of these 10 antigens have been
described previously (19).

For detecting S. aureus antigen-reactive IgG, 1,000 magnetic microspheres per analyte per well were
mixed, sonicated, and incubated with 100 �l of diluted serum (1:1,000 or 1:10,000, run in duplicate) or
MENSA for 2 h. After a washing, the secondary phycoerythrin-conjugated goat anti-human IgG (Southern
Biotech) was added and incubated for 1 h. All serum and MENSA samples were run on a flow cytometer
(Bio-Plex 200; Bio-Rad, Life Sciences Research). The fluorescence intensity of the beads and phycoerythrin
(100 beads per analyte per well) were acquired for analysis. The data generated from the multiplex
immunoassay were accepted for downstream analyses only if the coefficient of variation (CV; ratio of
standard deviation to the mean) among the replicates was less than 20%. The aggregate lower limit of
detection (LLOD) for all antigens was calculated using the formula LLOD � assay buffer MFI � 2 � SEM
of assay buffer MFI, where SEM is standard error of the mean and MFI is median fluorescent intensity.

Statistical data analysis. Patient characteristics were compared for those with versus without
infection using the Wilcoxon rank sum test for ordinal and continuous variables and Fisher’s exact test
for categorical variables. Antibody measurements obtained from serum and MENSA were assessed for
predictive ability in discriminating infection status and healing status using receiver operating charac-
teristic (ROC) curve analysis, with overall accuracy summarized by the area under the ROC curve (AUC).
Baseline antibody values represented infection status. A longitudinal measure of antibody activity
defined as the average change per week from baseline was used to track healing versus nonhealing host
responses. ROC curves were analyzed for each individual and combinations of antibodies. Combinations
were formed using best-subset selection with multivariate logistic regression models to identify groups
of antibodies that best diagnosed and tracked infection versus healing response. The estimated linear
predictor from each of these logistic models was converted to a single numerical score for analysis.
Nonparametric estimates and 95% confidence intervals for the AUC were computed for each predictor.
P values for testing the significance of each AUC and for comparing AUCs across predictors were also
computed. Analyses were conducted using SAS version 9.4 and R version 3.5.1. A P value of less than 0.05
was considered significant.
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